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Highlights:
940-850 Ma and 470-410 Ma arc-type granitoids of the Hualong Complex;
Neoproterozoic and Silurian sedimentary rocks of the Hualong Complex;
Amphibolite-facies metamorphism correlates with 470-410 Ma arc-type 
granitoids;
Neoproterozoic fragment accreted to the northern Proto-Tethyan margin.
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ABSTRACT
The Neoproterozoic Hualong Complex dominates the South Qilian terrane. It 
contains mafic to felsic magmatic rocks, cherts and turbiditic sediments, some of 
which have been metamorphosed to amphibolite grade and is traditionally regarded as 
a pre-Cambrian micro-continental block rifted from the South China plate. New U-Pb 
geochronology of morphologically complex zircons sheds light on the history of the 
complex. Garnet-bearing amphibolite and quartzite have detrital zircon U-Pb main 
peak ages of 1.47-1.78 Ga with youngest U-Pb ages of 967 Ma and 964 Ma. They are 
intruded by Neoproterozoic orthogneisses that crystallized between ca. 850 and 940 
Ma. Psammitic paragneisses are dominated by 940-780 Ma detrital zircon populations 
with a youngest U-Pb weighted mean age of 721  3 Ma and a main peak at 906 Ma.
Metamorphic overgrowths on older zircons record amphibolite facies 
metamorphism of the Hualong Complex and correspond to the emplacement of the 
younger plutonic rocks during the Early Paleozoic northward subduction of 
Proto-Tethyan oceanic lithosphere. 426 Ma and 455 Ma detrital zircon populations 
that originated from synkinematic granitoids dominate quartz-mica schist.
Negative to positive εHf(t) values for both 940-850 Ma granitic orthogneisses and 
intruding 460-410 Ma granites suggest a crustal-mantle mixture source. Hf TDM1
model ages and inherited zircon U-Pb ages are the same as those for garnet-bearing 
amphibolites and psammitic gneiss indicating that late magmatic rocks were formed 
by melting of the accreted Neoproterozoic rocks.
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Introduction
The Hualong Complex is composed primarily of mafic to felsic magmatic rocks 
and associated metasediments (mostly turbidites) that are locally metamorphosed to 
amphibolite facies. It is a dominant component of the South Qilian terrane in Qinghai 
Province, western China.
In spite of more than 20 years study controversies regarding its age, the timing and 
tectonic significance of multiple magmatic and metamorphic events and possible 
affinity to the North or South China cratons are unresolved (BGMR, 1991; Qiu et al., 
1995, 1998; Zhao, 1996; Guo et al., 1999a, b; Wan et al., 2006; Xu et al., 2007; Lu et 
al., 2009; He et al., 2011; Zhang and Yang, 2007; Tung et al., 2012, 2013). 
Disagreement is rooted in the lack of an accurate geochronologic framework against 
which any tectonic models can be tested. Previous age determinations for the Hualong 
Complex are complicated by inheritance and multiple subsequent episodes of 
Paleozoic metamorphism.
If a temporal context can successfully be used to constrain the magmatic and 
tectonic history of the Hualong Complex then resulting models may be applicable to 
other regions within the Qilian orogenic belt. This may in turn lead to better 
understanding of the development of complex subduction-accretionary systems and 
the tectonic evolution of the northern Paleo-Tethyan margin.
In this study, we systematically collected samples from different lithological units 
for zircon U-Pb geochronologic dating to constrain the age, sedimentary provenance 
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and timing of igneous and metamorphic events within the Hualong Complex in order 
to develop a better understanding of its geologic history. Here we utilize the sensitive 
high-resolution ion microprobe (SHRIMP) to decipher the age components within 
individual zircons from granitic orthogneisses. In addition, the in-situ LA-ICP-MS 
method was also used to date detrital zircons from Hualong Complex samples.
1. Geological setting
The South Qilian terrane lies on the southern side of the Qilian Orogen along the 
NE edge of the Tibet-Qinghai Plateau. It is located in an important tectonic corridor 
between the North China, South China, Tarim and Tibetan blocks (Fig. 1a). Many of 
the rocks present in the terrane record the evolution of a Neoproterozoic 
Proto-Tethyan Ocean that closed through subduction along the southern margin of the 
North China block during the Early Paleozoic (Song et al., 2013).
Neoproterozoic rocks of the NW-SE trending Hualong complex crop out 
discontinuously within the South Qilian terrane along with a Cambrian-Silurian 
subduction complex to the north and Triassic arc-related magmatic and sedimentary 
rocks to the south (Fig. 1b; Bian et al., 2004; Xiao et al., 2009; Yan et al., 2012, 2014; 
Guo et al., 2012; Fu et al., 2014). The Hualong complex is lenticular and pinches out 
to both the NW and the SE. NE-trending faults separate it from the Central Qilian and 
the West Qinling terranes. The Hualong Complex is tectonised, dismembered and 
shows at least two phases of deformational events broadly related to northward 
subduction of the Proto-Tethyan Ocean.
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The Hualong Complex was originally defined by the North Geologic Team of 
Geology and Mineral Resources of Qinghai Province (1962) as being dominated by 
metamorphic rocks in Hualong County. It consists of schist and gneiss with 
interlayered quartzite and marble attaining a thickness of 9-12 km, which was 
subdivided into seven lithostratigraphic units according to the rock assemblages. 
Three lithostratigraphic units (Zhigaang, Guanzanggou and Lumanshan formations) 
were recognized by the Bureau of Geology and Mineral Resources of Qinghai 
Province (BGMR, 1987, 1990) during regional mapping in Hualong County from 
1985 to 1990. The Zhigaang Formation consists of quartzite, biotite-quartz schist and 
amphibolites, with minor banded migmatite; the Guanzanggou Formation consists of 
migmatite, quartzite, biotite-quartz schist, amphibolites, lenticular marble and 
ultramafic blocks or lenses; and the Lumanshan Formation is dominated by migmatite 
(BGMR, 1987).
In 1997, the BGMR presented an alternative stratigraphic subdivision and the 
Hualong Complex was also divided into three lithological units, which are obviously 
different to the definition of BGMR (1987, 1990). The lower unit consists of 
biotite-quartz schist, biotite-hornblende schist and gneiss with marble and quartzite 
interlayers; medium to thickly bedded quartzite with quartz-mica schist and gneiss 
interlayers mainly occurs in the middle unit; the upper unit is dominated by 
hornblende-biotite gneiss, hornblende schist, micaceous schist, interbedded with 
marble and quartzite. Geological mapping results thus suggest that the Hualong 
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Complex is composed of various rocks with different metamorphic grades that were 
intermingled by polyphase deformation.
Regionally, gneisses of the Hualong Complex are mainly granitic orthogneisses 
and psammitic paragneisses. On the basis of data for whole-rock geochemistry, 
mineral assemblages, and geothermobarometry of biotite-garnet, these rocks are likely 
to have originated from felsic-basic volcanic and sedimentary rocks and experienced
600-650°C and 0.4-0.6 GPa amphibolite-facies metamorphism (BGMR, 1987, 1990). 
Similar rocks in the Central Qilian terrane were also formed from pelitic, mafic and 
granitic rocks that experienced 685-763°C and 0.62-0.83 GPa amphibolite-facies 
metamorphism during processes associated with northward subduction-accretion of 
the Paleo-Tethyan Ocean at 440-380 Ma (Qi et al., 2003). IGSCU (2006) and IGSQP 
(2007a) suggested that upper amphibolite-facies metamorphism of the Hualong 
Complex occurred at ca. 383 Ma (IGSQP, 2007a) or 736.77-754.7 Ma (IGSCU, 2006), 
which is distinctly different to a muscovite 40Ar/39Ar plateau age of 418.1 ± 2.8 Ma 
for muscovite schist (IGSCU, 2006) and K-feldspar and biotite 40Ar/39Ar plateau ages 
of 440-380 Ma for granitoid mylonites (Qi et al., 2004). In addition, it has been 
suggested that amphibolites with typical OIB geochemical affinity in the Hualong 
Complex were generated during breakup of the Rodinia Supercontinent (Gao et al., 
2010), in a backarc basin (Shang, 2006) or in a rift setting (Hao, 1990). Spatially, 
these amphibolites are closely associated with quartzite, thinner marble and 
quartz-mica schist, gabbro, and ultramafic blocks (BGMR, 1987, 1990) and occur as 
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folded thrust slices occupying the highest tectonic levels that are thrust over 
Cretaceous-Neogene fluvio-lacustrine sediments (Wang et al., 2000). LA-ICP-MS 
zircon U-Pb dating and geochemical data suggest that the gabbro and ultramafic 
elements formed during Early Silurian (ca. 440 Ma) northward subduction of 
Proto-Tethyan oceanic lithosphere (Zhang et al., 2012a, b, c; Yu et al., 2012).
Pioneering work by BGMR (1990) yielded a Rb/Sr isochron age of 1423-1343 Ma 
and a K-Ar biotite age of 397-327 Ma from the biotite plagio-gneiss and banded 
gneiss, which were interpreted as the protolith age and metamorphic age respectively. 
According to these data, BGMR (1991) ascribed a Paleoproterozoic age to the 
Hualong Complex, but Wan et al. (2006) proposed that the protolith of the Hualong 
Complex consists mainly of metapelites, psammites and granites with the South China 
Craton affinity that formed at 1000-800 Ma based on single zircon grain U-Pb dating 
(TIMS). Presently the protolith age of the Hualong Complex is regarded as 875-891 
Ma (Xu et al., 2007), 884-891 Ma (He et al., 2011), or Late Mesoproterozoic (Lu et al., 
2009) based mainly on LA-ICP-MS zircon U-Pb data of metasedimentary and granitic 
gneisses. However, IGSQP (2007a) suggested a Paleoproterozoic age based on 
conventional U-Pb analyses of multi-zircon grain populations from a granite pluton, 
which yielded a linear array of data with lower and upper concordia intercept age of 
ca. 383 Ma and 2331 Ma. On the other hand, Tung et al. (2012) recently proposed that
the South Qilian terrane should belong to the South China Craton based on 
geochemistry of 919-905 Ma amphibolite-facies metamorphic mafic rocks. Xiao et al. 
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(2009) ascribed the Hualong Complex to the Central Qilian arc-accretion complex 
that was formed by the southward subduction-accretion of an oceanic plate during the 
Ordovician-Devonian. Bian et al. (2004) interpreted the South and Central Qilian 
terranes as an accretionary complex that was formed by the northward 
subduction-accretion of an oceanic plate between 600-400 Ma.
Clearly, it is difficult to reconstruct the original sequence and tectonic affinity of 
the Hualong Complex without precise and systematic geochronological data. Our field 
survey suggests that meta-sedimentary rocks mainly crop out in the Lashuixia area, 
but orthogneisses and granitoid plutons dominate in the Jianzha and Ashigong areas 
(Fig. 2). Although abundant granites have intruded the amphibolite-facies 
metasedimentary rocks and granitic gneisses of the Hualong Complex, especially in 
the Jianzha and Ashigong areas, they are less deformed and recrystallized than the 
gneissic rocks. Additionally, some granite dikes crosscut the psammitic rocks and 
gabbros. Our new U-Pb age data indicate that these granitoid plutons and quartz-mica 
schist of lower greenschist facies grade are younger than the amphibolite grade 
metasedimentary rocks and granitic gneisses.
2. Local geology and petrology of the Hualong Complex
Lithofacies in the Hualong Complex are both complex and spatially variable. 
Below is a brief description of lithofacies in different outcrops from which samples 
were obtained for U-Pb geochronology.
In the Lashuixia area of Hualong County, the Hualong Complex is dominated by 
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psammitic paragneiss, schist, quartzite and minor amphibolite, marble, meta-volcanic 
rocks and granitic orthogneiss (Fig. 2a). In contrast, granitic orthogneiss and granitoid 
plutons together with some amphibolite mainly crop out in the Jianzha and Ashigong 
areas (Figs. 2b, 2c). In Qianhu area (Fig. 2d), amphibolite and quartzite, which have 
later been intruded by mafic-granitoid dykes, dominate the complex. Relic pillow (Fig. 
3a) and metabasaltic blocks surrounded by interlayers of chert and quartz-mica schist 
(Fig. 3b) can be identified in some outcrops. Rhythmic interlayering of thinner 
quartzite, garnet quartz-mica schist, biotite-quartz schist and psammitic gneiss is 
well-developed locally (Fig. 3c); quartzite is usually medium to thinner, interbedded 
with biotite schist (Fig. 3d). They are probably consistent with a turbidite origin.
Gneiss and garnet-bearing amphibolite are intruded by undeformed granitic and 
gabbro dykes, and irregular garnet-bearing amphibolite enclaves are common in the 
outcrops (Fig. 3e). The relationship between granitic and psammitic gneiss (Figs. 3f 
and 3g) was seriously destroyed by later tectonism such that it was difficult to infer 
their sequence. The contact relationship between granitic orthogneiss and pegmatite 
(Fig. 3g) are fuzzy and transitional, indicating a similar crystallized age. In addition,
the contact relationships between the pegmatite and amphibolite are faulted in some 
outcrops (Fig. 3a). Feldspar augen and orientated structures (Fig. 3h) are common 
within the granitic orthogneiss.
The granitic orthogneisses mainly consist of quartz (30~35%), plagioclase 
(35~40%), K-feldspar (10~15%), biotite (20~25%), and minor (<5%) chlorite, 
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muscovite, plus sillimanite and/or garnet. Feldspar grains show distinct polysynthetic 
twining with slight sericitization and occasional zoned textures (Fig. 4a). Biotites are 
generally parallel to banded structures. Sillimanite within muscovite-biotite 
two-feldspar gneiss along the margin of the biotite or muscovite is hair-like, but also 
occurs as crystalline needles within the plagioclase.
Psammitic paragneiss is homogeneous, strongly lineated, light gray, composed of 
quartz (15%), plagioclase (10%), K-feldspar (40%), biotite (25%), and titanite (~2%), 
plus epidote (~3%) and garnet (<2%). Generally, feldspar grains in the psammitic 
paragneisses are angular to subrounded and quartz grains are irregular, showing
blastopsammitic texture (Fig. 4b).
Schists include garnet-bearing quartz-mica schist and biotite-quartz schist. They 
are composed of quartz (45~70%), feldspar (10~15%), and biotite (5~15%), plus 
minor muscovite and garnet (Fig. 4c). Quartz and feldspar grains locally occur as 
augen.
Amphibolites are composed of amphibole (25~60%) and plagioclase (30~40%), 
plus minor orthopyroxene and clinopyroxene. Garnets and quartz are also locally 
present (Fig. 4e). Pink almandine with minor quartz and feldspar inclusions, in 
conjunction with sillimanite or andalusite (IGSQP, 2007b), indicates low-pressure 
metamorphism for the Hualong Complex, and coexisting sillimanite and muscovite 
imply amphibolite facies conditions.
Pegmatite consists of coarse-grained quartz, plagioclase, muscovite, and/or minor 
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tourmaline. Generally, pegmatite veins enlarge and gradually become part of the
granitic augen gneiss with decreasing in grain-size, indicating a coeval origin. Marble 
is composed of calcite, minor muscovite and quartz, plus garnet and tremolite, which
are interpreted to have originated as calcareous mudstone. Undeformed or weakly 
deformed granite dykes are composed of quartz (40%), plagioclase (30%), K-feldspar 
(25%) and biotite (5%) (Fig. 4f).
Gabbro can be separated into two types: one type consists of mainly of plagioclase 
(35~40%), hornblende (45~50%), clinopyroxene (5%) and very minor Fe-Ti oxides 
(Fig. 4d), another type mainly consists of plagioclase (45-60%) and clinopyroxene 
(30-40%). The former was crosscut by granodiorite.
3. Analytical Methods
In order to constrain the ages of the protolith and date metamorphism of the 
Hualong Complex zircons from 30 samples (locations see Fig. 2) were dated using 
U-Pb techniques. Zircons were extracted from rock samples of ca. 10-15 kg using 
standard heavy liquid and magnetic separation techniques. Handpicked zircons were 
mounted in epoxy resin, ground to present grain half-sections, and then polished. 
Reflected and transmitted light photographs and cathodoluminescence (CL) images 
were acquired to obtain information on the internal structures of the grains and to 
target specific areas therein. The number of analyzed zircons reflects the abundance of 
grains with sufficient size and few enough defects to allow analysis. This is a function 
of the spot size of the laser equipment. U-Th-Pb analyses were carried out using the 
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SHRIMP II and LA-ICP-MS at the Beijing SHRIMP Center of the Institute of 
Geology, and the Institute of Mineral Resources, Chinese Academy of Geological 
Sciences (CAGS).
Analytical procedures for zircon dating followed methods described in Liu and 
Jian (2004) and Hou et al. (2009), respectively. In-situ zircon Hf isotope analysis was 
carried out using a New Wave UP213 laser-ablation microprobe, attached to a 
Neptune multi-collector ICP-MS at the Institute of Mineral Resources, CAGS, 
employing a 55 μm spot. Helium was the carrier gas to transport the ablated sample 
from the laser-ablation cell to a mixing chamber where argon was added, prior to 
introduction to the ICP-MS. 
Instrumental conditions and data acquisition procedures are comprehensively 
described by Hou et al. (2007) and Wu et al. (2006). Zircon GJ-1, which was used as 
the reference standard, yielded a weighted mean ratio for 176Hf/177Hf of 0.281997 ± 13 
(2σ, n = 31) during acquisition of the data presented here. The GJ-1 zircon standard is 
distributed by GEMOC (ARC National Key Centre for Geochemical Evolution and 
Metallogeny of Continents, Macquarie University, Sydney, Australia) and comprises 
several ca. 1 cm-sized zircon crystals from African pegmatites (Elhlou et al. 2006) 
with an apparent crystallization age of 608.5 ± 0.4 Ma (Jackson et al., 2004). 
SHRIMP and LA-ICP-MS raw data were reduced according to the procedure of 
Ludwig (2001) and Liu et al. (2010), respectively. The age of each sample was 
determined by calculating the weighted average of 206Pb/238U ages (Isospot/Ex 
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program of Ludwig, 2003), using the 207Pb-correction method (Compston et al., 1984). 
In the presentation of figures, tables, and results we follow Gehrels et al. (2006) with
206Pb/238U ages quoted for zircons younger than 1.0 Ga, and older grains are quoted 
using their 207Pb/206Pb ages. The latter ages become increasingly imprecise younger 
than 1.0 Ga due to small amounts of 207Pb. Data were screened prior to calculating a 
relative probability distribution, by plotting on a Tera-Wasserburg concordia diagram
(using Isospot/Ex; Ludwig, 2003). Discordant data were excluded from the relative 
probability calculation. Zircon analyses with <10% normal and <5% reverse 
discordance from the LA-ICP-MS method are considered to be geologically 
meaningful (Dickinson and Gehrels, 2008) and are used to date the time of intrusion 
in igneous rocks or the maximum age of deposition in metasedimentary rock. Thus, 
the <1.0 Ga data are considered robust if it belongs to a cluster of three of more 
zircons with similar ages (Gehrels et al., 2006) (All data are available in 
supplementary files).
4. Zircon morphologies of analyzed samples
Two populations of zircons from the Hualong Complex (Table 1) were 
discriminated with different morphologic characteristics formed in response to the 
same amphibolite facies metamorphic event. Zircons in granitic orthogneisses, 
pegmatite and granites are dominated by elongate, prismatic grains, which are 
characterized by a core-rim structure, consisting of an igneous core with concentric, 
oscillatory zoning and a wide metamorphic rim with black luminescence in CL; minor 
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equant and discoidal grains are also present. They are similar in appearance and 
zoning to igneous zircons (Fig. 5). Zircons from monzogranite are euhedral crystals 
with short prism faces, abundant cracks and uneven brown or pink surface. They have 
faintly banded or a core-rim texture in dark luminescence. Zircons in the gabbros 
show distinctly banded and sector zoning, some of which have a thinner and irregular 
overgrowth rim with bright luminescence.
Detrital zircons from quartz-mica schists are rounded with much thinner 
overgrowth rims showing black or bright luminescence. Most of them have a 
well-developed core-rim texture consisting of a small core with irregular boundary 
and a wide rim with banded zoning. Other grains have concentric or banded zoning. 
As no spot analyses lie within the overgrowth rim of the detrital zircons from the 
quartz-mica schists the age data should represent their source age. However, detrital 
zircons in the garnet-bearing amphibolite and psammitic paragneisses are mainly 
equant and discoidal in transmitted light. They have a different zonation surrounded 
by a wide/thinner overgrowth rim with dark or bright luminescence in CL (Fig. 5). 
They probably formed by anatexis during amphibolite-grade metamorphic conditions 
(Srogi et al., 1993; Rubatto et al., 2001). 
5. U-Pb dating results
5.1 Granitic orthogneiss
09JZX1 Thirty-nine of the 41 spot analyses for this sample plot on the Concordia 
line. Twenty-nine spot analyses yield a weighted mean 206Pb/238U age of 853 ± 2 Ma 
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(MSWD = 0.91; n = 29) (Fig. 6a) and three cores yield a 207Pb/206Pb age of 1406 ± 6 
Ma, 1392 ± 6 Ma and 1553 ± 5 Ma, with a variable U content of 63-1902 ppm and 
Th/U ratio of 0.07-0.87 (average 0.19). Seven spots on the overgrowth rims showing
dark luminescence yielded a younger 206Pb/238U age between 405 Ma and 461 Ma, 
with a variable U content (86-4218 ppm) and low Th/U ratio (0.002-0.063). Two spots
(4 and 5) which lie on a crack (Fig. 5) and the transitional zone between the core and 
overgrowth yielded slightly old ages of 451 ± 4 Ma and 461 ± 32 Ma with U contents 
of 86 and 453 ppm, but two spots (19 and 29) with high U content (3348 and 2450 
ppm) yield young ages of 405 ± 2 Ma and 414 ± 2 Ma respectively. Three other spots 
with a variable U content of 740-4217 ppm and low Th/U ratios of 0.04-0.05 yielded a 
weighted average age of 429 ± 3 Ma (MSWD = 0.93; n = 3).
09JZX2 Twenty-nine spot analyses yielded a weighted mean 206Pb/238U age of 875
± 2 Ma (MSWD = 0.0068) (Fig. 6b), but two inherited cores yielded slightly old ages 
of 929 ± 6 Ma (spot 13.1) and 1434 ± 9 Ma (spot 26.1), respectively. Except for 
twelve spots with variable U contents (119-917 ppm) and low Th/U ratios 
(0.057-0.10), other spots have relatively high U contents (313-1435 ppm) and Th/U 
ratios of 0.12-1.06.
09LPX39 Fifteen spots of the 21 analyzed zircon grains yielded a weighted mean 
206Pb/238U age of 942 ± 15 Ma (MSWD = 1.8), with U content of 63-148 ppm and 
Th/U ratio of 0.16-1.62. Five spots that are located on fractures yielded a younger 
206Pb/238U ages that deviate from the Concordia line (Fig. 6c). A xenocrystic core with 
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concentric oscillatory zoning yielded a 207Pb/206Pb age of 1360 ± 8 Ma.
09LPX45 Thirteen analyses of 27 spots cluster at approximately 895 Ma and yield 
a weighted mean age of 894 ± 6 Ma (MSWD = 2.8) for this granitic gneiss (Fig. 6d). 
One spot on a detrital core yields a 207Pb/206Pb age of 1544 ± 7 Ma, and two spots on 
two detrital cores yield 206Pb/238U ages of 993 ± 7 Ma and 958 ± 7 Ma respectively. 
Three spots on the overgrowth rims yielded a weighted mean 206Pb/238U age of 454 ± 
3 Ma (MSWD = 0.11) with U content of 241-399 ppm and Th/U value of 0.004-0.02, 
but two spots on the transitional area between the overgrowth rim and core yield a 
mixed 206Pb/238U ages of 461 ± 3 Ma and 469 ± 3 Ma respectively. One spot on the 
overgrowth with crack yielded a young age of 443 ± 2 Ma with a low Th/U ratio of 
0.03 and six spots also located on cracks yielded relatively young ages of 865-840 
Ma.
11HDQ1 Fourteen age measurements on 13 grains yielded a 206Pb/238U age 
between 779  10 Ma and 943  12 Ma, with a U content of 387-2027 ppm and 
Th/U ratio of 0.07-0.73 respectively. A weighted mean 206Pb/238U age of 925 ± 11 Ma 
(MSWD = 1.2) is obtained for this granitic augen orthogneiss from a cluster of nine 
concordant analyses (Fig. 6e). Four analyzed data were rejected because their 
corresponding spots located in the transitional area between core and rim (Fig. 5) and 
deviation from the concordia line.
11HDQ2 Seven analyzed spots on the magmatic cores yielded a weighted mean 
206Pb/238U age of 908 ± 23 Ma (MSWD = 3) (Fig. 6f), with a moderate U content of 
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253-692 ppm and a high Th/U ratio of 0.15-0.53. Spot 7.1 was plotted on the crack 
and thus yielded a relatively young 206Pb/238U age of 781 ± 12 Ma probably because 
of Pb loss. Two spots on the detrital cores with concentric oscillatory zoning yield two 
concordant 207Pb/206Pb ages of 1216 ± 56 Ma and 1744 ± 19 Ma. Eight analyses on 
the overgrowth rims with dark luminescence yielded eight different 206Pb/238U ages 
between 489 Ma and 270 Ma. High U (2450-5104 ppm) and various and low Th 
(10-5664 ppm) concentrations and extremely low Th/U values (<0.05) indicate that 
these rims probably formed by anatexis during amphibole-grade metamorphic 
conditions (Srogi et al., 1993; Rubatto et al., 2001), making it difficult to precisely 
constrain the timing of metamorphism.
11HDQ6 Two weighted mean 206Pb/238U ages of 913 ± 9 Ma (MSWD = 0.92) and 
460 ± 13 Ma (MSWD = 1.9) (Fig. 6g) are obtained from nine magmatic zircons and 
four overgrowth rims with dark luminescence, respectively. One grain with a slightly 
high common Pb content yielded a younger 206Pb/238U ages of 840 ± 11 Ma, but three 
spot analyses on the transition between the concentric oscillatory zone and 
overgrowth rim yielded ages of 749 ± 9 Ma, 734 ± 9 Ma and 335 ± 6 Ma, which 
probably represent a mixed age. One detrital core with banded zoning yielded a 
207Pb/206Pb age of 1516 ± 60 Ma. 
11HDQ15 Nine analyses fall on the Concordia line and gave a weighted mean age 
of 924 ± 10 Ma (MSWD = 0.59; Fig. 6h). One grain (spot 1.1) yielded an oldest age 
of 1518 ± 23 Ma, probably reflecting a xenocrystic origin. One analysis (spot 10.1) on 
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the overgrowth rim with cracks and high U concentration (7782 ppm) yielded a 
younger age of 346 ± 5 Ma, probably because of Pb loss. Three spots (7.1, 9.1 and 
12.1) were plotted on the cracks and the transitional areas so that they yielded 
relatively younger and discordant 206Pb/238U ages.
11HDQ18 Eight zircon grains were analyzed six of which yielded a weighted 
mean 206Pb/238U age of 921 ± 10 Ma (MSWD = 0.54) (Fig. 6i), interpreted as a 
crystallization age. These spots have a wide range of U (84-2027 ppm) and Th 
(29-979 ppm) content, with a variable but relatively high Th/U ratio of 0.12-1.62 (avg. 
0.45). Spot 5.1 on a detrital core yields a 207Pb/206Pb age of 1370  35 Ma, but spot 
6.1 yields a younger and discordant 206Pb/238U age of 746  10 Ma because of Pb loss 
from the crack.
5.2 Pegmatite
11HDQ13 Eighteen spot analyses on 14 zircon grains yielded a concordant 
206Pb/238U age from 449 to 1675 Ma. Eight concordant analyses on magmatic core 
yield a 206Pb/238U age b tween 963 Ma and 858 Ma and a weighted mean age of 910 ± 
9 Ma (MSWD = 1.12) (Fig. 6j) with a moderate U concentration (210-772 ppm) and a 
variable and high Th/U value of 0.12-0.57. One core yields 207Pb/206Pb age of 1665 ±
22 Ma for presumably inherited zircon. The 206Pb/238U ages of five spot analyses on 
overgrowth rims range from 456 to 449 Ma and yield a weighted mean age of 452 ± 5 
Ma (MSWD = 0.22) with a high U concentration of 3222-3599 ppm and a very low 
Th/U ratio of 0.0036-0.0067. Two spots (1.1 and 3.2) on the transitional area yielded
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mixed ages of 479 ± 6 Ma (spot 1.1) and 489 ± 6 Ma.
5.3 Psammitic paragneiss
10LPX20 Seventy-eight spot analyses from this sample yield a 206Pb/238U age 
between 815 Ma and 959 Ma, with one main peak at 903 Ma (n = 51) and a secondary 
peak at 940 Ma (n = 22) (Fig. 7a). One grain with core-rim texture consisting of a 
core with faintly zoning and a rim with banded zoning (Fig. 5) yielded the youngest 
206Pb/238U age of 815 ± 6 Ma. Two cores yield a 207Pb/206Pb age of 1251 ± 17 Ma and 
1513 ± 9 Ma. They have a wide range of U (14-451 ppm) content and a variable but 
relatively high Th/U ratio of 0.09-2.33. No grains with Paleozoic overgrowth rims are 
present.
10GD4 Thirty of the 48 age measurements plotted on the Concordia line. They are 
dominated by Neoproterozoic ages between ca. 600 and ca. 810 Ma (ca. 67%) with a 
main peak at 782 Ma (n = 21) and a minor peak at 721 Ma (n = 6) (Fig. 7b). Other 
minor peaks are at 626 Ma, 1525 Ma, 1727 Ma and 2463 Ma. In addition, eight 
Archean grains (2.5-2.81 Ga) are present with 3 smaller peaks at 2.53 Ga, 2.67 Ga and 
2.81 Ga. They have a wide range of U content (23-734 ppm) and a variable but 
relatively high Th/U ratio of 0.19-6.24 (avg. 0.78). Two spot analyses on the 
transitional area yield a mixed age of 471 ± 3 Ma and 480 ± 3 Ma and two spots on 
overgrowth rims showing dark luminescence yielded 206Pb/238U ages of 406 ± 3 Ma, 
416 ± 2 Ma, with a moderate U content (207 and 629 ppm) and low Th/U ratio (0.03 
and 0.06).
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5.4 Garnet-bearing amphibolite
09LPX2 Eighty-seven grains yield a 207Pb/206Pb age of 1237-2577 Ma, with two 
dominant peaks at 1784 Ma and 1722 Ma, and other prominent peaks at 1467 Ma, 
1600 Ma and 2385 Ma (Fig. 7c). Only three ages were between 1237 and 1395 Ma, 
and eight ages between 1843 Ma and 1987 Ma. This sample has two Archean zircons 
with one grain at 2.51 Ga and one at 2.58 Ga, but no Paleozoic or Neoproterozoic 
grains are present. The analyzed spots have variable U contents of 18-873 ppm and 
Th/U ratios between 0.05 and 2.1(average 0.68).
10LPX21 Fifty-eight spots yielded concordant 207Pb/206Pb ages ranging from 1195 
Ma to 3031 Ma, two spot analyses yielded a 206Pb/238U age of 925 Ma and 932 Ma, 
and 16 spot analyses on metamorphic rims yielded 206Pb/238U ages of 427 Ma to 467 
Ma with a peak at 450 Ma. However, these ages of detrital zircons define a dominant 
peak at 1750 Ma (Fig. 7d), a smaller peak at 1853 Ma; other peaks are at 929 Ma, 
1195-1296 Ma, 1471-1688 Ma, 2384 Ma and 2475 Ma. Six Archean grains are present 
with ages of 2.52 Ga, 2.54 Ga, 2.56 Ga, 2.78 Ga, 2.80 Ga, and 3.03 Ga. No Paleozoic 
grains are present. They have a wide range of U (10-297 ppm) content and variable 
but relatively high Th/U ratios of 0.14-2.2 (avg. 1.18). Eight spot analyses on 
overgrowth rims yielded variable U-Pb ages between 437 Ma and 449 Ma and a 
weighted age of 443.9 ± 3.9 Ma (MSWD = 2.4), with a variable U content of 233-564 
ppm and low Th/U ratio of 0.02-0.07. One spot on the overgrowth with cracks yielded
a young age of 427 ± 3 Ma, and seven spots on the transitional area between core and 
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overgrowth rim yielded a mixed age between 455 Ma and 486 Ma. In addition, one 
rounded grain showing faintly banded zoning in dark luminescence (Fig. 5) yielded a 
concordant age of 450 ± 3 Ma with a moderate U concentration of 267 ppm and a 
high Th/U ratio of 0.19, which probably reflects anatexis or fluid activity during 
amphibolite-grade metamorphic conditions (Srogi et al., 1993; Rubatto et al., 2001; 
Hoskin and Schaltegger, 2003).
09LPX59 Eighty-two spots yield a 236Pb/238U age between 1106 and 2221 Ma and 
a 207Pb/206Pb age ranging from 1170 Ma to 2394 Ma with a main peak at 1547 Ma (n 
= 35) (Fig. 7e). No Paleozoic and Archean grains are present. All analyzed spots have 
a variety of U (14-342 ppm) and Th contents (7-458 ppm), with variable Th/U ratios 
of 0.19-4.89 (avg. 1.05). All zircon grains in this sample are rounded with irregular 
surfaces, showing a rounded core with faintly banded or unzoning in bright 
luminescence and a much thinner overgrowth in black luminescence. Some cores 
exhibit embayment, indicating that these detrital zircon grains have been affected by 
the metamorphism (Rubatto et al., 2001) and so can not define the source ages very 
well. Therefore, it is noteworthy that age histogram of these zircons cannot effectively 
reflect their source.
5.5 Quartz-mica schist
09LPX1 Seventy-nine spot analyses yielded ages ranging from 421 to 3507 Ma 
with a wide range of U content (7-858 ppm) and variable Th/U ratios of 0.03-1.95 
(avg. 0.61). Twenty-six spots with a variable U content (55-503 ppm) but high Th/U 
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ratios (0.39-1.15) yield a youngest and most prominent peak at 426 Ma (Fig. 7f). 
There is also a smaller peak at 908 Ma, and minor peaks at 776 Ma, 1074-1876 Ma, 
and 2391-2868 Ma. One rounded grain showing distinct oscillatory zoning surrounded 
by a thinner overgrowth rim in dark luminescence (Fig. 5) yields a 207Pb/206Pb age of 
3507 ± 6 Ma. Six Mesoarchean-Neoarchean grains are also present with 207Pb/206Pb 
ages of 2.5 Ga, 2.51 Ga, 2.64 Ga, 2.75 Ga, and 2.89 Ga. 
10ASG40 Sixty-six spots of the 70 spot analyses yielded concordant 206Pb/238U 
ages ranging from 412 Ma to 2286 Ma. Fifty-six spots of which yield a main peak age 
of 416 Ma and a secondary peak at 453 Ma (Fig. 7g). These spots have a variety of U 
content (13-868 ppm) and Th/U ratios of 0.02-1.96 (avg. 0.21). Correspondently, ten
cores yield ages of 760 Ma, 770 Ma, 805 Ma, 1621 Ma, 1738 Ma, 1794 Ma, 2092 Ma, 
2095 Ma, 2182 Ma, and 2286 Ma. Out of the 60 analyses, there were no Proterozoic 
ages on rims.
5.6 Quartzite
12GZG2 Seventy-s ven of 90 dated detrital zircon grains yielded concordant 
206Pb/238U ages ranging from 916 Ma to 2483 Ma with a variable U content of 
36-1093 ppm and Th/U ratio of 0.01-2.06. Excluding two spots with the youngest and 
oldest age of 916 Ma and 2482 Ma respectively, 17 spots yield the major peak at 1695 
Ma (Fig. 7h), and 54 spots yield three minor peaks at 1181 Ma, 1382 Ma and 1525 Ma. 
All zircon grains with irregular surfaces have faintly banded zoning surrounded by a 
much thinner overgrowth in black luminescence and some cores are characterized by 
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the local presence of embayments, indicating that they experienced high temperature 
metamorphism (Rubatto et al., 2001). Thus, it is difficult to use the age histogram to 
reflect the source of the upper amphibolite-facies metasedimentary rocks. Out of 77 
analyses, no Ordovician and Silurian ages were obtained.
5.7 Granitoids
11ASG1 Fourteen spot analyses were performed on eight zircon grains, six of 
which yielded two weighted mean ages of 810 ± 53 Ma (MSWD = 6.4) and 1732 ± 10 
Ma (MSWD = 1.8) for presumably inherited zircon, with Th/U value of 0.47-0.95. 
However, eight spots on the magmatic rims yielded a weighted mean 206Pb/238U age of 
436 ± 5 Ma (n = 4, MSWD = 1.4) (Fig. 8a), with a relatively low Th/U value 
(0.19-0.30, except for one sample with 0.05), representing the time of crystallization 
of the protolith.
11ASG2 Ten spot analyses on the nine zircon grains yielded a concordant 
206Pb/238U age between 447 to 428 Ma with moderate U concentration (189-941 Ma) 
and Th/U value of 0.1-0.26. They yielded a weighted mean 206Pb/238U age of 439 ± 4 
Ma (MSWD = 1.07) (Fig. 8b), representing the time of crystallization.
11ASG10 Seven spot analyses on rims yielded a weighted mean 206Pb/238U age of 
433 ± 5 Ma (MSWD = 1.6), and 5 spot analyses on the detrital cores yielded mean 
206Pb/238U age of 790 ± 12 Ma (MSWD = 0.78) (Fig. 8c). They represent the time of 
crystallization and inherit zircon, respectively.
11ASG17 Fourteen spot analyses on 11 zircon grains yield a 206Pb/238U age of 
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1375-434 Ma. Nine spots on the inherited cores yielded 206Pb/238U ages ranging from 
1875 Ma to 751 Ma, and the concordant age from four spots is 809 ± 13 Ma (MSWD 
= 0.72). However, four spots on rims with distinct oscillatory zoning yield a weighted 
mean 206Pb/238U age of 439 ± 7 Ma (n = 4, MSWD = 0.45), representing the age of 
crystallization (Fig. 8d). 
11ASG21 Thirteen spot analyses were performed on the eight zircon grains using 
SHRIMP. Five detrital cores yielded a 206Pb/238U age of 630-764 Ma, but another two 
cores yielded 207Pb/206Pb ages of 1884 ± 46 Ma and 1655 ± 51 Ma. The rims have a 
weighted mean 206Pb/238U age of 433 ± 8 Ma (n = 5, MSWD = 0.59) (Fig. 8e) with a 
high Th/U ratio of 0.31-0.34, indicating the time of crystallization. 
10GD26 Thirty spots on 27 zircon grains were analyzed using LA-ICP-MS. 
Twenty-three grains with faintly banded zoning yielded a weighted mean 206Pb/238U 
age of 427 ± 1 Ma (Fig. 8f), representing the magmatic crystallization age. They have 
a moderate U concentration of 83-593 ppm and a low and variable Th/U ratio of 
0.019-1.104. Five spots on the detrital core with banded or concentric oscillatory 
zoning and bright luminescence in CL yielded the ages of 750 Ma, 2265 Ma, 2402 Ma, 
2460 Ma and 2500 Ma, and two spots on the transition between detrital core and rim 
yielded a mixed age of 442 Ma and 462 Ma respectively.
10LPX22 Twenty concordant analyses were obtained from 20 spots on 20 zircon 
grains with a relatively high U (307-1624 ppm) concentration. Excluding two spots 
with oldest and youngest ages of 477  4 Ma and 440  4 Ma respectively, 18 
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analyses cluster at approximately 450 Ma and yield a weighted mean 206Pb/238U age of 
452 ± 2 Ma (MSWD = 1.9) (Fig. 8g) with a wide U content (307-1624 ppm) and a 
low and variable Th/U ratio of 0.05-0.17.
09JZX3 Thirty analyses were made on 27 zircons and 27 spots of which ranged 
from 409 to 411 Ma with a variable U concentration (50-1374 ppm) and Th/U ratio 
(0.02-016), yielding a weighted mean age of 410 ± 0.94 Ma (MSWD = 0.0048) (Fig. 
8h). One spot on an inherited core has a 207Pb/206Pb age of 1553 ± 6 Ma. Two spots on 
cracks yielded discordant ages because of Pb loss.
13QH15 Twelve plot analyses yield a 206Pb/238U age of 448-468 Ma, with a 
variable U (115-1201 ppm) content and high Th/U ratio of 0.27-1.05. Eight of which 
yielded a weighted mean 206Pb/238U age of 455 ± 3 Ma (MSWD = 2.1), representing 
the age of crystallization (Fig. 8i).
5.8 Gabbro
11QH19 Nine analyzed grains yield a 206Pb/238U age of 241 Ma to 487 Ma. Six of 
them yield a weighted mean age of 470 ± 7 Ma (MSWD = 1.9) (Fig. 8j) with a 
variable U concentration (45-379 ppm) and Th/U ratios of 0.04-0.6. Three spots (3.1, 
4.1 and 8.1) on the cracks yielded slightly younger ages of 448 ± 7 Ma, 450 ± 8 Ma 
and 426 ± 7 Ma respectively so that no age of geological significance could be 
obtained.
11QH26 Ten spot analyses were plotted on the Concordia line and 8 of them 
yielded a weighted mean 206Pb/238U age of 470 ± 6 Ma (MSWD = 0.75) (Fig. 9k), 
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with a variable U content (6-284 ppm) and Th/U ratio of 0.05-1.02 (avg. 0.36), but 
two spots on the overgrowth rims yield a young 206Pb/238U age of 450 ± 12 Ma and 
449 ± 13 Ma respectively.
12ASG31 Six of 14 spot analyses yielded a weighted mean 206Pb/238U age of 
442.3± 2.9 Ma（MSWD = 1.3）(Fig. 8l) with a variable U concentration (371-1290 
ppm) and Th/U ratio (0.05-0.58). Other spots with a higher U (1566-2926 ppm) and 
Th (872-1685 ppm) yielded a discordant 206Pb/238U age, probably resulting from 
common Pb loss.
6. Summary of new U-Pb dating results
The above-mentioned data can be used to constrain the timing of crystallization of 
the granitic orthogneiss and pegmatite of the Hualong Complex to 942-853 Ma (Fig. 
6). However, the ages of granitoid and gabbro dykes are ca. 460-410 Ma and ca. 
470-440 Ma (Fig. 8) respectively. According to the detrital U-Pb results (Fig. 10), the 
metasedimentary rocks in the Hualong Complex most likely consist of three subunits. 
One unit is garnet-bearing amphibolites and quartzite with 1.85-1.47 Ga detrital 
zircons, the second is psammitic paragneiss with 721-936 Ma detrital zircons, and the 
third unit is dominated by quartz-mica schist with the youngest (426-455 Ma) detrital 
zircons.
In addition, the overgrowth rims around the Neoproterozoic magmatic zircons from 
granitic orthogneiss, psammitic paragneiss, pegmatite, and garnet-bearing amphibolite 
yield two major age clusters of ca. 450-440 Ma and ca. 430-410 Ma, which most 
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likely indicate two stages of metamorphism.
7. Zircon Lu-Hf results
Using LA-ICP-MS, Lu-Hf isotopes were measured on 19 U-Pb dated samples. All 
these Lu-Hf spots were located in adjacent or the same sector as the U-Pb spots (Fig. 
5). Data are presented in Supplementary File 2.
7.1 ca. 940-850 Ma granitic orthogneiss and pegmatite
Fifty-four magmatic zircons from ca. 940-850 Ma granitic gneiss and pegmatite 
samples have an initial 176Hf/177Hf ratio of 0.282131-0.282350 and a negative to 
mainly positive εHf(t) value ranging from -3.0 to +4.9 (Fig. 9). Their corresponding Hf 
TDM1 model ages range from 1259 to 1580 Ma.
Fourteen spots on the overgrowth rims (448-335 Ma) of these magmatic zircons
had various initial 176Hf/177Hf ratios (0.282068-0.282418), negative εHf(t) values of 
-15.4 to -3.7 and Hf TDM1 model ag s of 1202-1764 Ma.
Four 1126-1665 Ma inherited zircons had initial 176Hf/177Hf ratios of 
0.281938-0.282321, positive εHf(t) values of +7.6 to +9.8 and TDM1 model ages of 
1290-1802 Ma.
7.2 ca.460-410 Ma granitoids
The initial 176Hf/177Hf ratio and εHf(t) value of ca. 460-410 Ma granitoids are 
0.282073-0.282551 and -15.3 to +2.2 (Fig. 9), respectively. Their corresponding Hf 
TDM1 model ages range from 1645 to 1044 Ma.
Fourteen Neoproterozoic (630-851 Ma) inherited zircons have initial 176Hf/177Hf 
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ratio, mainly negative εHf(t) value and Hf TDM1 model ages of 0.281564-0.282394, 
-25.2 to +5.5 and 1193-2354 Ma, respectively. Four Paleoproterozoic (1655-1884 Ma) 
inherited cores have a narrow range of initial 176Hf/177Hf ratio (0.281383-0.281590), 
εHf(t) value (-9.3 to -1.6) and Hf TDM1 model age (2282-2549 Ma).
7.3 Psammitic paragneiss
Thirty-one zircons with U-Pb ages of 406-2528 Ma from samples 10GD4 and 
10LPX20 were analyzed. The 611-959 Ma detrital zircons from sample 10GD4 have 
low initial 176Hf/177Hf ratios (0.281728-0.282238), low εHf(t) val es (-19.8 to -1.3) and 
old Hf TDM1 model ages (1411-2118 Ma), but synchronous detrital zircons of sample 
10LPX20 have a higher initial 176Hf/177Hf ratio (0.282183-0.282376) and εHf(t) value 
(-0.6 to +6.3) and a younger Hf TDM1 model age (1518-1216 Ma) (Fig. 9), indicating a 
different source origin. 1729 Ma inherited zircon has low initial 176Hf/177Hf ratio 
(0.281372), negative εHf(t) value (-11.0) and old Hf TDM1 model age (2571 Ma). 2528 
Ma inherited zircon also has a low initial 176Hf/177Hf ratio (0.281296) and old Hf TDM1
model age (2662 Ma), but its εHf(t) value is positive (+4.6).
The 471-406 Ma overgrowth rims of three detrital zircons (spots 29, 37 and 48) 
from sample 10GD4 have an initial 176Hf/177Hf ratio of 0.282029-0.282149, negative 
εHf(t) value of -26.2 to -22.0 and corresponding Hf TDM1 model age of 1522-1687 Ma.
7.4 Quartz-mica schist
Eight zircons from sample 10ASG40 with U-Pb age of 445-474 Ma have initial 
176Hf/177Hf ratios of 0.282103-0.282204, negative εHf(t) values between -13.7 and -9.9 
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(Fig. 9), and corresponding Hf TDM1 model ages of 1447-1585 Ma.
7.5 Garnet-bearing amphibolite
Twenty-three zircons from sample 10LPX21 were analyzed for Lu-Hf isotopic 
composition, with U-Pb age from 3031 to 439 Ma. The initial 176Hf/177Hf ratios of 
925-3031 Ma detrital zircons range from 0.280827 to 0.282183, corresponding with 
εHf(t) values of -10.1 to +10.5 (Fig. 9), and Hf TDM1 model ages of 1486-3283 Ma.
The 439-462 Ma overgrowth rims have an initial 176Hf/177Hf ratio of 
0.281563-0.282497, εHf(t) value of -32.8 to +0.2, and Hf TDM1 model age of 
1058-2336 Ma. However, one overgrowth rim with U-Pb age of 486 Ma has a low 
initial 176Hf/177Hf ratio of 0.281959, negative εHf(t) value of -18.1 and Hf TDM1 model 
age of 1854 Ma.
8. Discussion
8.1 Geochronological framework of the Hualong Complex
Together LA-ICP-MS and SHRIMP zircon in-situ U-Pb dating demonstrate that the 
granitic orthogneiss and gabbro-granitic intrusions crystallized at ca. 940-850 Ma and 
450-410 Ma respectively and pegmatite was formed at ca. 910 Ma. The 
metasedimentary units include: one older than all the granitoids with depositional age 
of ca. 1.47-0.85 Ga; one with a depositional age that perhaps overlaps with, or is 
younger than the crystallized age of the granitic orthogneisses but nonetheless 
Neoproterozoic; and a third group of Silurian age. The granitic gneiss, garnet-bearing 
amphibolite (probably some metavolcanic rocks) and some quartzites comprise the 
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basement of the psammitic paragneiss.
Spatially, psammitic paragneiss are mainly exposed in Lashuixia and Ashigong 
areas (Figs. 2a and 2c) and dominated by a ca. 906 Ma source origin (Fig. 10). 
However, our detailed U-Pb data of the detrital zircons also indicate that their sources 
were differently dominated by ca. 903 Ma (Fig. 7a) and ca. 782 Ma (Fig. 7b) 
respectively, together with minor ca. 940 Ma and ca. 721 Ma source rocks. The 
garnet-bearing amphibolites that were disaggregated into irregular enclaves by ca. 
940-850 Ma granitic gneiss and ca. 450-410 mafic-granitic intrusions (Fig. 3e) are 
dominated by late Paleoproterozoic detrital zircons (ca. 1.7 Ga) (Figs.7c-e and 10). 
Together with crosscuting field relationships, these data indicate that the protolith of 
the psammitic paragneiss in Lashuixia and Ashigong areas should have formed after 
903 Ma and 721 Ma respectively, but the garnet-bearing amphibolite was one of the 
oldest unit of the Hualong Complex and formed at ca. 1.7-0.9 Ga.
In addition, quartzite occurs within thinner quartz-mica schists as a block or 
tectonically between the garnet-bearing quartz-mica schist and garnet-bearing 
amphibolite (Fig. 2a), indicating that its protolith age is older than the quartz-mica 
schist. Detrital zircons of sample 12GZG2 yield a main peak at 1659 Ma (Fig. 7h), 
which is similar to garnet-bearing amphibolite samples 09LPX59 and 10LPX21 (Figs. 
7d-e). However, the thinner quartzite and quartz-mica schist interlayer (Fig. 3c) in 
Lashuixia area probably have a depositional age of <426 Ma, which is also coeval 
with the quartz-mica schist (Sample 11ASG40) in Ashigong area (Fig. 2c). This
Page 34 of 74
Ac
ce
pte
d M
an
us
cri
pt
33
indicates that the quartzite, which is closely associated with garnet-bearing 
amphibolite, formed after 1.7 Ga, but the thinner unit is younger than 426 Ma. The ca. 
1.47-0.85 Ga garnet-bearing amphibolite and quartzite comprise the oldest unit of the 
Hualong Complex, which is the basement of the psammitic paragneiss, together with 
ca. 940-850 Ma granitic orthogneisses.
8.2 Detrital zircon provenance
The 125 detrital zircon grains from the psammitic paragneiss have U-Pb ages 
ranging between 2810-611 Ma. Amongst these ages two main peaks occur at 906 Ma 
(n = 55) and 936 Ma (n = 22) and two minor peaks at 721 and 791 Ma (Fig. 10). He 
et al. (2011) also reported a detrital zircon U-Pb peak age of 882 Ma for psammitic 
gneiss in the Duomoji area. Seventy-three detrital zircons from quartzite in the east of 
the Lashuixia area yielded U-Pb ages between 916 Ma to 2483 Ma, with a major peak 
at 1695 Ma and three minor peaks at 1192 Ma, 1382 Ma and 1525 Ma. However, 
U-Pb ages of the 115 grain detrital zircons from quartz-mica schist range from 421 
Ma to 3507 Ma, with th  largest peak at 426 Ma (n = 26) and a secondary peak at 455 
Ma (n = 32). Two minor peaks at 906 Ma and 2494 Ma were also obtained. A few 
grains have ages between 967 Ma and 1426 Ma, whereas the garnet-bearing 
amphibolites have two main peak age populations of 1.78 Ma (n = 45) and 1.55 Ga (n
= 68) and four secondary peaks (n = 64) at 1.47, 1.63, 1.72 and 1.85 Ma in Lashuixia 
area. Detrital zircons from muscovite-bearing quartzite from Lashuixia area yield a 
peak age of 1782 Ma with younger age of 1400-1250 Ma (Lu et al., 2009), similar to 
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our garnet-bearing amphibolite and quartzite results. 
These data indicate that the sediments of the psammitic paragneiss, quartzite and 
garnet-bearing amphibolites were mainly derived from Neoproterozoic (936-721 Ma) 
and Paleo- to Meso-Proterozoic (1.85-1.47 Ga) source rocks, respectively. In contrast, 
zircon morphology and U-Pb ages suggest that the rocks with peak ages of 1.85-1.47 
Ga and 0.94-0.72 Ga underwent metamorphism at 450-440 Ma and 430-410 Ma. 
Therefore, it is difficult to accurately evaluate the provenance of the 
amphibolite-facies metasedimentary rocks using a simple detrital zircon U-Pb age 
histogram. On the other hand, the ca. 3.5 Ga detrital zircon indicates that Archean 
basement probably exists in the Qilian orogenic belt. Psammitic paragneisses and 
garnet-bearing amphibolites yield a wide range of εHf(t) values, indicating a mixed 
source. However, zircons in the main group from the quartz-mica schist all have 
negative εHf(t) values, which might come from psammitic gneiss or garnet-bearing 
amphibolite (Fig. 9).
8.3 Granitoid sources
The Lu-Hf isotopes indicate various attributes of the Hualong complex. The ca. 
940-850 Ma granitic gneiss with minor negative to mainly positive εHf(t) values (-3.0 -
+4.9) indicates a source of dominantly mantle-derived magma with minor crustal 
contamination. Metamorphic zircons from granitic gneiss inherited the property of its 
magmatic zircons (Fig. 9). Some inherited zircons from ca. 940-850 Ma granitic 
gneiss yield U-Pb peak ages at 1114, 1536, 1544, 1657, and 1738 Ma, which is similar 
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to the U-Pb peak ages of the garnet-bearing amphibolites (Fig. 10), indicating their 
protolith was derived from a source similar to the exposed garnet-bearing 
amphibolites. 
The ca. 460-410 Ma granites that intrude the Hualong Complex yield mainly 
negative to minor positive εHf(t) values (Fig. 9), which suggests their magmas mainly 
came from reworked crustal sources with minor mantle contamination. Their inherited 
zircons have U-Pb peak ages at 794, 1551, 1778, 2257, 2263, and 2399 Ma with high 
Th/U values of 0.5-2.8, which is close to U-Pb age of the psammitic paragneiss and 
garnet-bearing amphibolite (Fig. 10). Thus, in combination with the Hf evolution lines 
(Fig. 9), we deduce that psammitic paragneisses and garnet-bearing amphibolites may 
have been potential sources for granites. This provides further evidence that the 
455-410 Ma granites showing typical of subduction-related geochemistry affinity 
(Yan Z., unpublished data) formed by remelting of accreted Proterozoic rocks in a 
subduction-accretionary setting.
8.4 Timing of metamorphism
On the basis of the U-Pb data and zircon morphology, metamorphism of the 
Hualong Complex is relatively complex and involves multiple events. The ages of 
overgrowth rims of Neoproterozoic magmatic zircons in granitic and psammitic
gneisses and garnet-bearing amphibolite cluster around ca. 450-440 Ma and ca. 
430-410 Ma (Fig. 6) respectively. In addition, Qi et al. (2004) reported the K-feldspar 
and biotite 40Ar/39Ar plateau ages of 440-380 Ma from granitoid mylonite along the 
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northern margin of South Qilian terrane, IGSCU (2006) and Fan and Lei (2007) 
obtained muscovite 40Ar/39Ar plateau ages of 418.1 ± 2.8 Ma of muscovite schist 
(IGSCU, 2006) and 418-405 Ma of granitic mylonite of the Hualong Complex
respectively. These data indicate that their protolith probably experienced at least two 
stages of metamorphism during late Ordovician-early Silurian (ca. 450-440 Ma) and 
late Silurian-early Devonian (ca. 430-410 Ma) time respectively.
The metamorphic ages of 450-440 Ma and 430-410 Ma correlate with the ages of 
the gabbros and granites that intrude into the Neoproterozoic portion of the Hualong 
Complex and Lajishan Cambrian-Silurian subduction-accretionary complex and are 
younger to SW (Fig. 1b). Moreover they exhibit typical subduction-related 
geochemical affinity (Zhang et al., 2012a; Yu et al., 2012; Yan Z., unpublished data). 
Their Th/U values (<0.1) are similar to those of the overgrowth rims from gneiss and 
garnet-bearing amphibolites. On the other hand, the xenocrystic zircons from 450-410 
granites have an age similar to that of the main peak of granitic and psammitic
gneisses and garnet-bearing amphibolite (Fig. 10). These facts thus indicate that the 
metamorphism of the Neoproterozoic Hualong Complex is a contact effect related to 
emplacement of subduction-related granites that formed during the Ordovician-early 
Devonian (ca. 470-410 Ma) at which time the Proto-Tethyan Ocean was subducted 
northwards beneath it.
9. Tectonic history of the Hualong Complex
Our new U-Pb data together with field observations of crosscutting relationships
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suggest that the Hualong Complex comprises of 1.47-0.85 Ga sedimentary and ca. 
940-850 Ma granitoid rocks, ca. <720 Ma and ca. <420 Ma sedimentary rocks, and 
abundant ca. 470-410 Ma mafic-granitoid plutons. Notably, the ages of the inherited 
zircons from the granitic rocks, psammitic paragneisses, garnet-bearing amphibolites 
and quartzites cluster into four groups: ca. 1.5-1.2 Ga, 1.9-1.6 Ga, 2.2-2.5 Ga, and 3.5 
Ga. The first three age groups can be broadly correlated with those of the three major 
stages of tectonothermal events or crustal growth in the South China block at ca. 
1.4-1.2 Ga, 2.0-1.8 Ga and 2.9-2.4 Ga (Li et al., 1991; Gan et al., 1996; Wang et al., 
2007; Zhang et al., 2006a, b). This suggests strong affinity between the Hualong 
Complex and the South China block. In addition, the plagioclase amphibolite with a
typical of OIB geochemical affinity (Gao et al., 2010) was closely associated with 
psammitic paragneisses (Fig. 3a) and quartzites in the outcrops, probably reflecting a 
ca. 780 oceanic crust, although it has previously been interpreted as a continental 
basalt (Gao et al., 2010). In combination with regional and geochemical results (Yong 
et al., 2008; Chen et al., 2007a; Tung et al., 2012, 2013), thus we interpret the Meso-
to Neo-Proterozoic portion of the Hualong Complex as a microcontinental fragment 
that rifted off the South China plate after ca. 780 Ma and evolved into the basement of
a continental arc system during ca. 470-410 Ma (Fig. 11).
Except for 959-780 Ma granitoids in the Central Qilian and the Olongbuluke 
terranes with typical arc-related affinity (Guo et al., 1999a, b; Wan et al., 2006; Yong 
et al., 2008; Chen et al., 2007a; Tung et al., 2012, 2013), ca. 1.78-1.14 Ga granitic 
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orthogneiss is well developed in the latter (Chen et al., 2007b; Wang et al., 2008). Our 
new U-Pb data suggest that they should be the potential sources for the 
Neoproterozoic psammitic paragneiss and ca. 1.47-0.85 Ga garnet-bearing 
amphibolite of the Hualong Complex. These facts indicate that the Hualong Complex 
did not form as an isolated tectonic element but rather had a sedimentary link to the 
Olongbuluke and Central Qilian terranes. The similarities in age and geochemical 
affinity of the Neoproterozoic magma genesis suggest that these terranes should have 
rifted off the South China plate after ca. 780 Ma (Tung et al., 2012, 2013). Thus, we 
infer that these Neoproterozoic terranes migrated into the Proto-Tethyan Ocean as
microcontinental fragments in the latest Neoproterozoic (Fig. 11a).
Petrological, geochemical and isotopic data together indicate the existence of a 
south-facing subduction-accretionary system in front of the South Qilian terranes 
during Cambrian through Ordovician time (Bian et al., 2004; Dong et al., 2007; Fu et 
al., 2014) (Fig. 1b). Proto-Tethyan oceanic lithosphere subducted northwards beneath 
the Central Qilian terrane during the Cambrian to form the ca. 520-490 Ma SSZ-type 
ophiolites and arc-related volcanic-clastic rocks (Qiu et al., 1995; Yan et al., 2012; Fu 
et al., 2014) in the northern margin of the Neoproterozoic Hualong Complex (Fig. 
11b).
During Early Ordovician through Early Silurian time (ca. 490-440 Ma) the 
Proto-Tethyan oceanic lithosphere carrying the Neoproterozoic Hualong Complex
migrated northward continuously, with the result that the Hualong Complex was 
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welded onto the Central Qilian terrane (Fig. 11c), which is similar to the Kurosegawa 
terrane, a Paleozoic continental terrane accreted to SW Japan between Jurassic 
accretionary complex (Aitchison et al., 1991; Hada et al., 2001). The Proto-Tethyan 
Ocean was also subducted northwards beneath the Hualong Complex, producing 
arc-derived sediments and the younger plutons, which seriously affected the Hualong 
Complex.
During the Silurian to early Devonian (ca. 440-410 Ma) the Olongbuluke terrane 
was accreted to the north and amalgamated with the Hualong Complex (Fig. 11d). 
Subsequently, a broad accretionary complex was developed in the SW margin of the 
Central Qilian terrane in which the ca. 470-410 Ma magmatism occurred within a 
single northeast-facing magmatic arc that was constructed across a basement 
assemblage of Neoproterozoic micro-continental fragments and early Paleozoic 
accretionary complexes.
To the south, MORB-type ophiolites and accretion-related plutons along the 
southern margin of the South Qilian terrane (Wang et al., 2001; Sun et al., 2004; Guo 
et al., 2009) record the northward subduction event during Devonian-Permian time (ca. 
400-280 Ma)when the Proto-Tethyan Ocean was subducted beneath the South Qilian 
terrane. Detrital analysis and geochemical data from sedimentary, volcanic and 
granitoid rocks suggest that a Triassic active continental margin developed to the 
south of the South Qilian terrane (Yan et al., 2012, 2014) (Fig. 1c). Thus, a broad 
subduction-accretionary system was developed in the SW margin of the North China 
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plate, comprising Neoproterozoic microcontinental fragments overprinted by an 
Early- to Late- Paleozoic accretionary complex and an Ordovician-Triassic magmatic 
arc.
10. Summary
Detailed investigation of zircon U/Pb and Lu-Hf isotope geochronology sheds light 
on the history of the Hualong Complex, South Qinlian terrane. This complex evolved 
as a basement of Neoproterozoic rocks into which convergent plate margin granites 
were intruded during the Early Paleozoic (Ordovician-Silurian). 
(1) Granitic orthogneisses and pegmatite of the Hualong Complex crystallized at ca. 
940-850 Ma.
(2) The protolith of the garnet-bearing amphibolites and quartzites formed before 
853 Ma and were mainly derived from 1853-1467 Ma source rocks. 
(3) The protolith of some psammitic gneisses formed after 720 Ma and dominated 
by 906 Ma source rocks.
(4) The Neoproterozoic Hualong Complex acted as the basement to a ca. 470-410 
Ma continental arc and was affected and metamorphosed episodically by the 
arc-magmatism.
(5) Mafic and granitoid plutons subsequently intruded the Hualong Complex at ca. 
470-410 Ma.
(6) Quartz-mica schists were mainly derived from 455 Ma and 426 Ma source 
rocks.
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Figure Captions
Fig. 1. (a) Tectonic framework of China and location of the study area; (b) Simplified 
geological map of the Hualong Complex and adjacent areas (modified from 
BGMR, 1987, 1990, 1991, 1997; IGSCU, 2006; IGSQP, 2007a, b; Feng et al., 
2002). The age of granitoid rocks without references are unpublished data of Zhen 
Yan. 
Fig. 2. Geological map of the Hualong Complex in (a) Lashuixia, (b) Jianzha, (c) 
Ashigong, and (d) Qianhu areas. Locations indicated on Fig. 1b. 
Fig. 3. Photographs of field occurrences of representative rocks from the Hualong 
Complex.
(a) Amphibolite block with deformed pillow texture contacts with pegmatite and 
psammitic paragneiss by fault (35°58′27.15″N, 102º18′7.84″E); (b) Amphibolite 
block (protolith of basalt) surrounded by interlayer of quartz-mica schist and chert 
(metamorphic flysch) (36°01′0.1″N, 102º17′39.0″E); (c) Rhythmic interlayering of 
thinner quartzite, garnet quartz-mica schist, biotite-quartz schist and psammitic 
gneiss (36°01′52.65″N, 102°17′42.02″E); (d) Medium to thinner quartzite with 
interlayer of biotite schist (35°59′25.71″N, 101°20′42.11″E); (e) Paleozoic granite 
intrudes into psammitic paragneiss and garnet-bearing amphibolite (35°58′14.08″N, 
102°18′10.37″E): (f) Fault contact relationship between granitic and psammitic
gneiss (35°56′47.5″N, 102°04′20.7″E); (g) Psammitic paragneiss enclaves occur 
within and a transitional relationship between pegmatite and granitic orthogneiss 
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(35°49′12.5″N, 102°07′0.1″E); (h) Relationship between the K-feldspar granitic 
orthogneiss and granitic orthogneiss with distinct orientated structures 
(35°56′47.5″N, 102°04′20.7″E).
Fig. 4. Photomicrographs of representative rocks from the Hualong Complex.
(a) Granitic orthogneiss (09LPX45) from Lashuixia area showing distinct 
polysynthetic twining, slight sericitization and zoned texture; (b) Psammitic 
paragneiss (10LPX20) with a blastopsammitic texture from Lashuixia area; (c) 
Quartz-mica schist (09LPX1) consist of Q+Pl+Bi+Grt, indicating a sandstone 
protolith from Lashuixia area; (d) Amphibolites (11QH26) from Qianhu area 
mainly contains Am+Pl+Q+Cpx, indicating a gabbro protolith; (e) Garnet-bearing 
amphibolites (09LPX21) from Lashuixia area consisting of Pl+Am+Q+Grt; (f) 
Granite (11ASG17) consisting of Q+Pl+Kf+Bi from Ashigong area. Q-quartz; 
Pl-plagioclase; Kfs-K-feldspar; Bi-biotite; Cpx-clinopyroxene; Grt-garnet. GPS 
coordinates of all samples are given on Table 1.
Fig. 5. Cathodoluminescence (CL) images of representative zircons from the dated 
samples of the Hualong Complex. The solid circles and dashed circles represent 
locations of U-Pb dating and Lu-Hf analysis, respectively. Numbers within the 
brackets indicate εHf(t) values. Lithologies, GPS coordinates and sample locations
are shown in Table 1 and Fig. 2, respectively.
Fig. 6. Concordia plots of U-Pb isotopic data for zircons from granitic orthogneiss of 
the Hualong Complex. Spots for (a)-(d) are LA-ICP-MS data, others are SHRIMP 
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data. Ages and uncertainties were calculated using concordant data (Ludwig, 2003). 
Grey circles represent discordant ages that were not used to calculate the age.
Lithologies, GPS coordinates and sample locations are shown in Table 1 and Fig. 2, 
respectively.
Fig. 7. Concordia plot, histograms and probability ellipses of ages within ± 10% of 
concordia for psammitic paragneiss, garnet-bearing amphibolite, quartz-mica schist 
and quartzite samples. All U-Pb isotopic data of detrital zircons are LA-ICP-MS 
data. Ages and uncertainties were calculated using concordant data (Ludwig, 2003). 
Zircons older than ca. 1.0 Ga were dated using the 207Pb/206Pb age, whereas 
younger zircons used the 206Pb/238U age. All U-Pb isotopic data for detrital zircons 
are LA-ICP-MS data. Notably the ages of samples 09LPX59 and 12GZG2 are 
concordant, but amphibolite-facies metamorphism may result in recrystallization or 
anatexis of the zircons so that most ages of the zircon grains do not necessarily
reflect their provenance in their age histograms.
Fig. 8. Concordia plots of zircon U-Pb isotopic data from granitoids (a-i) and gabbros 
(j-l) of the Hualong Complex. Spots for (f)-(h) are LA-ICP-MS data, others are 
SHRIMP data. Ages and uncertainties were calculated using concordant data 
(Ludwig, 2003). Grey circles represent discordant ages that were not used to 
calculate the age.
Fig. 9. U-Pb age vs. εHf(t) for zircons from the Hualong Complex.
Single-stage model age (TDM1) refers to the age that the rocks derived directly from 
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the depleted mantle without reworked crustal rocks. The age is calculated relative 
to the depleted mantle with a present day (176Lu/177Hf)DM=0.0384 and 
(176Hf/177Hf)DM=0.28325. TDM1=1/λ×ln{1+[(176Hf/177Hf)sample- (176Hf/177Hf)DM]/ 
[(176Lu/177Hf)sample- (
176Lu/177Hf)DM]}. Two-stage model ages (TDM2) refers to the 
age of the rocks that they were evolved from the old crustal rocks rather than the 
original mantle. It is calculated by forcing a growth-curve through the zircon initial 
ratio with an assumed (176Lu/177Hf)C value of 0.015 corresponding to the average 
continental crust. TDM2= TDM1-(TDM1-t)[(fC-fsample)/(fC-fDM)]; 
fLu/Hf=(
176Hf/177Hf)sample /(
176Hf/177Hf)CHUR-1 (Griffin et al., 2000).
Fig. 10. Combined histograms of detrital zircon U-Pb ages from the psammitic gneiss, 
garnet-bearing amphibolite and quartz-mica schist and inherited zircons from the 
granitic gneiss and granites of the Hualong Complex. Grains with more than 10% 
discordance are omitted.
Fig. 11. Tectonic model for later evolution of the Hualong Complex illustrating 
Paleozoic subduction-accretion events. (a) Two Precambrian terranes comprising
ca. 1.47-0.85 Ga sedimentary and volcanic rocks and 940-850 granitoids and 
overlying Neoproterozoic (<720 Ma) sedimentary rocks rifted from the South 
China block and migrated into the Proto-Tethyan Ocean during ca. 780-520 Ma. (b) 
Ca.520-490 Ma subduction-accretionary system along the Central Qilian terrane 
recorded by contemporaneous SSZ-type ophiolite and accretionary complex (Qiu 
et al., 1995, 1998; Fu et al., 2014). (c) The Neoproterozoic continental fragment 
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that rifted off the South China plate (e.g., Tung et al., 2012, 2013) migrated 
northward and unified with the Central Qilian terrane after during 490-440 Ma. 
The complex was the basement of Ordovician-early Silurian continental arc 
magmatism, which was formed by subduction of the Proto-Tethyan Ocean
northwards beneath the Hualong Complex. (d) Olongbuluke terrane carried by the 
northward migration of the Proto-Tethyan Ocean was accreted to the north and 
amalgamated together with the Hualong Complex to form the South Qilian terrane 
during 440-410 Ma.
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Table 1. Characteristics and U-Pb ages of zircons from the Hualong Complex  1 
Sample GPS coordinates Lithology Zircon morphology Zircon texture U-Pb age  Th/U Method 
09JZX1 35°56′47.5″N, 
102°04′20.7″E 
Granitic augen 
orthogneiss 
Oblong and subhedral 
prismatic grains with 
minor pitting, long axes of 
150-220 µm and l/w of 
1.3-2.3. 
Banded and concentric zoning 
with a wide or narrow overgrowth 
rim showing dark luminescence. 
853 ± 2 Ma
1
; 1392, 
1406 & 1552 Ma
2
; 
429 ± 3 Ma
3
 
0.07-0.87;  
 
 
0.002-0.063 
LA-ICP-MS 
09JZX2 35°56′47.5″N, 
102°04′20.7″E 
Granitic augen 
orthogneiss 
Long prismatic grains with 
longer axes 150-400 µm, 
l/w 1.5-4. 
Concentric oscillatory and banded 
zoning; detrital core also exists. 
875 ± 2 Ma
1
; 929 
Ma
2
, 1434 Ma
2
 
0.06-1.06; 
0.14; 0.78 
LA-ICP-MS 
09LPX39 35°59′30.7″N, 
102°17′5.6″E 
Granitic augen 
orthogneiss 
Long prismatic grains with 
longer axes of 150-200 µm 
and l/w of 3-4. 
Well-developed concentric 
oscillatory zoning; minor grains 
have a detrital core. 
942 ± 15 Ma
1
; 
1360 Ma
2
 
0.16-1.62; 
1.55 
LA-ICP-MS 
09LPX45 36°02′58.7″N, 
102°17′29.6 ″E 
Granitic 
orthogneiss 
Long prismatic grains with 
a longer axe of 150-250 
µm and l/w of 2.5-3.5. 
Core-rim texture consisting of a 
core with distinct concentric 
oscillatory zoning and a wider 
overgrowth rim with dark 
luminescence in CL. Several 
grains show a core-mantle-rim 
texture. 
894 ± 6 Ma
1
; 993, 
958 and 1544 Ma
2
;  
454 ± 3 Ma
3 
 
0.13-0.63; 
0.22;  
 
0.004-0.02 
 
LA-ICP-MS 
11HDQ1 35°49′58.7″N, 
102°07′0.7″E 
Granitic augen 
orthogneiss 
Long prismatic and 
euhedral grains with longer 
axes of 150-200 µm and 
l/w of 2-3. 
Concentric oscillatory zoning; 
minor grains have an overgrown 
rim with dark luminescence. 
925 ± 11 Ma
1
 0.07-0.73 SHRIMP 
Table 1
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11HDQ2 35°49′31.2″N, 
102°05′55.6″E 
Fine grained 
granitic augen 
orthogneiss 
Long prismatic grains with 
longer axes of 150-200 µm 
and l/w of 3-4. 
Core-rim texture consists of a core 
with distinct concentric oscillatory 
zoning and a wider overgrowth 
rim with dark luminescence. 
908 ± 23 Ma
1
; 
1216 Ma
2
; 
1744 Ma
2
 
0.15-0.53; 
0.31;  
0.39 
 
SHRIMP 
11HDQ6 35°48′50.2″N, 
102°10′50.6″E 
Coarse grained 
granitic 
orthogneiss 
Long prismatic grains with 
longer axes of 250-300 µm 
and l/w of 2.5-3. 
Distinct concentric oscillatory 
zoning and minor grains have a 
wider overgrowth rim with dark 
luminescence. 
913 ± 9 Ma
1
; 1516 
Ma
2
;  
460 ± 13 Ma
3
; 
0.13-0.87; 
0.4;  
<0.015;  
SHRIMP 
11HDQ15 35°49′6.5″N, 
102°08′18.6″E 
Fine grained 
granitic 
orthogneiss 
Long prismatic grains with 
longer axes of 150-200 µm 
and l/w of 3-4. 
Distinct concentric oscillatory 
zoning and a wider overgrowth 
rim with dark luminescence. 
924 ± 10 Ma
1
; 
1518 Ma
2
;  
346 ± 5 Ma
3
 
0.09-0.73; 
1.11;  
0.31 
SHRIMP 
11HDQ18 35°56′47.5″N, 
102°04′20.7″E 
Granitic augen 
orthogneiss 
Long prismatic grains with 
longer axes of 250-300 µm 
and l/w of 2.5-3. 
concentric oscillatory zoning with 
a much thinner bright rim in CL. 
921 ± 10 Ma
1
; 
1370 Ma
2
 
0.08-0.68; 
0.43 
SHRIMP 
11HDQ13 35°49′12.5″N, 
102°07′0.1″E 
Pegmatite Long prismatic grains with 
long axes of 200-350 µm 
and l/w of 4-6. 
Concentric and faintly banded 
zoning with a wide black 
overgrowth rim in CL.  
910 ± 9Ma
1
; 1655 
Ma
2
;  
452 ± 5 Ma
3
 
0.12-0.57; 
0.66; 
0.004-0.007 
SHRIMP 
10LPX20 36°01′0.1″N, 
102°17′39.0″E 
Psammitic 
paragneiss 
Oblong and elongate grains 
with pitting surface, long 
axes of 100-200 µm and 
l/w of 1-2. 
Slightly banded and concentric 
zoning with a very narrow, bright 
or black overgrowth rim in CL. 
903 Ma
 
& 940 Ma
4
 0.09-2.33 LA-ICP-MS 
10GD4 36°8′41.0″N, 
101°37′35.1″E 
Psammitic 
paragneiss 
Oblong grains with pitting 
surface, long axes of 
100-200 µm and l/w of 
1.2-2.2. 
Banded and concentric zoning 
with a wide or narrow overgrowth 
rim showing dark or bright 
luminescence. 
782 Ma & 721 
Ma
4
; 406 ± 3 Ma
3
, 
416 ± 2 Ma
3
 
0.19-1.16; 
0.03,  
0.06 
LA-ICP-MS 
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09LPX2 36°01′0.1″N, 
102°17′39.0″E 
Garnet-bearing 
amphibolite 
Equant and oblong grains 
with well-rounded and 
pitted surfaces 
Banded zoning with a very narrow 
black rim in CL. 
1784 & 1722 Ma
4
 0.05-2.1 
(avg. 0.68) 
LA-ICP-MS 
10LPX21 35°58′14.08″N, 
102°18′10.37″E 
Garnet-bearing 
amphibolite 
Oblong grains with 
well-rounded and pitted 
surfaces 
Core-rim texture consisting of a 
core with banded or concentric 
oscillatory magmatic zoning and a 
wide or narrow overgrowth rim 
with black luminescence. 
1750 Ma
4
;  
427 ± 3 Ma,  
443.9 ± 3.9 Ma
3
  
0.14-2.2; 
0.02-0.09 
0.02-0.07 
LA-ICP-MS 
09LPX59 35°59′18.7″N, 
102°17′45.6″E 
Garnet-bearing 
amphibolite 
Equant and oblong grains 
with well-rounded 
surfaces. 
Banded and concentric oscillatory 
magmatic zoning. 
1547 Ma
4
 0.19-4.89 
(avg. 1.05) 
LA-ICP-MS 
09LPX1 36°00′34.1″N, 
102°17′39.0″E 
Biotite-quartz 
schist 
Stout and oblong grains 
with rounded surfaces 
Banded, concentric oscillatory, 
and sector zonings 
426 Ma
4
 0.39-1.15 LA-ICP-MS 
10ASG40 36°08′43.5″N, 
101°38′25.5″E 
Garnet- quartz 
mica schist 
Oblong grains with pitted 
surfaces 
Core-rim texture consisting of a 
detrital core and a magmatic rim 
with faint or banded concentric 
oscillatory zoning.  
416 & 453 Ma
4
 0.02-1.96 
(avg. 0.21) 
LA-ICP-MS 
12GZG2 35°59′25.71″N, 
101°20′42.11″E 
Quartzite Oblong grains with pitted 
surfaces 
Banded, concentric oscillatory and 
sector zonings with a thinner 
black or bright overgrowth rim 
1695 Ma
4
 0.01-2.06 LA-ICP-MS 
11ASG1 36°08′30″N, 
101°37′37.2″E 
Granite Stout prismatic grains with 
longer axes of 150-200 µm 
and l/w of 1.5-2. 
Core-rim texture; detrital core 
with various zoning patterns and 
wide rim with banded zoning. 
436 ± 5 Ma
1
; 810 
& 1732 Ma
2
 
0.19-0.30; 
0.47-0.95 
SHRIMP 
11ASG2 36°08′15.2″N, 
101°38′16.0″E 
Monzogranite Stout prismatic and 
euhedral grains with 
Core-rim texture; narrow detrital 
core with deep-gray, faintly 
439 ± 4 Ma
1
 0.1-0.26 SHRIMP 
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fractures, longer axes of 
150-200 µm and l/w of 
1.5-2. 
banded zoning and a wide 
magmatic rim with faintly banded 
zoning. 
11ASG10 36°09′11.0″N, 
101°38′55.1″E 
Granite Short and long prismatic 
grains with longer axes of 
150-200 µm and l/w of 
1.5-2. 
Core-rim texture; inherited cores 
with concentric oscillatory or 
sector zoning; wide magmatic rim 
with banded zoning. 
433 ± 5 Ma
1
; 790 
Ma
2
 
0.03-0.1; 
0.54-1.53 
SHRIMP 
11ASG17 36°08′55.5″N, 
101°38′16.0″E 
Granodiorite Elongate prismatic grains 
with longer axes 100-150 
µm and l/w of 1.5-2.5. 
Faintly concentric oscillatory 
zoning; some grains have a 
detrital core with concentric 
oscillatory or banded zoning. 
439 ±  Ma
1
; 809 
& 1871 Ma
2
 
0.03-0.12; 
0.51-1.56 
SHRIMP 
11ASG21 36°08′30.2″N, 
101°37′6.0″E 
Granite Short columnar with longer 
axes of 150-200 µm and 
l/w of 1.5-2. 
Core-rim texture; detrital core 
with slightly banded zoning 
patterns; wide magmatic rim with 
banded zoning. 
433 ± 8 Ma
1
; 
630-764 & 1655 & 
1884 Ma
2
 
0.31-0.34; 
0.71-2.7 
SHRIMP 
10GD26 35°9′41.0″N, 
101°38′35″E 
Monzogranite Stout and elongate 
prismatic grains with 
longer axes of 100-200 µm 
and l/w of 1.2-2. 
Banded and concentric zoning; 
Minor grains have a small 
inherited core. 
427 ± 1 Ma
1
;  
750 & 2265-2500 
Ma
2
 
0.02-1.1; 
0.02-0.99 
LA-ICP-MS 
10LPX22 35°58′14.08″N, 
102°18′10.37″E 
Granodiorite Elongate and short 
prismatic grains with 
longer axes of 100-200 µm 
and l/w of 1.2-4. 
Faintly banded zoning with black 
luminescence in CL. 
452 ± 2 Ma
1
 0.05-0.17 LA-ICP-MS 
09JZX3 35°57′1.3″N, 
102°04′0.7″E 
Granite Short columnar and long 
prismatic grains with 
Banded zoning; narrowly 
inherited core with black or bright 
410 ± 0.94 Ma
1
; 
1553 Ma
2
 
0.02-0.16; 
0.44 
LA-ICP-MS 
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longer axes of 150-300 
µm, l/w of 1.5-3; elongate 
grains with well-developed 
fractures.  
luminescence in CL exists within 
elongate grains. 
13QH15 36°16′59.2″N, 
101°52′5.0″E 
Granodiorite Long and short columnar 
grains with longer axes 
between 80-300µm and l/w 
of 1.5-3.  
Oscillatory zoning and core-rim 
texture with a narrow black 
overgrowth margin 
455 ± 3Ma1 
0.27-1.05 SHRIMP 
11QH19
 
 36°17′15.2″N, 
101°33′45.5″E 
Gabbro Short prismatic grains with 
longer axes of 100-150 µm 
and l/w of 1-1.2. 
Banded and sector zoning; minor 
grains have a narrow bright 
overgrowth rim. 
470 ± 7 Ma
1
 avg. 0.36; 
avg. 0.52 
SHRIMP 
11QH26 36°16′59.2″N, 
101°32′52.5″E 
Gabbro Equant and short prismatic 
grains with longer axes of 
100-150 µm and l/w of 
1-1.5. 
Banded and concentric oscillatory 
magmatic zoning with a narrow 
bright overgrowth rim 
470 ± 6 Ma
1
 avg. 0.36; 
avg. 0.73 
SHRIMP 
13ASG31 36°9′14.89″N, 
101°37′14.84″E 
Gabbro Long prismatic grains with 
long axes of 50-150µm and 
l/w of >1.5 
Banded and sector zonings 442.3± 2.9Ma1 0.05-0.58 SHRIMP 
1 
crystalline age; 
2
age of inherited zircon; 
3
age of overgrowth rim; 
4
peak age of detrital zircons 2 
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Figure 7 (continued)
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